NiO nanoparticles embedded in graphene nanosheets (GNS) were successfully prepared by coprecipitation and pyrolysis beforehand. The three-dimensional GNS matrix with interconnected pore network structure can be filled with electrolyte ions serving as a double ion buffer pool during charge and discharge. High conductivity graphene, as a three-dimensional network, can be used to support the fast transmission of charge inside the NiO electrode during charging and discharging processes and meanwhile increase the performance rate. Hence, the NiO/GNS nanocomposites exhibit specific capacitance value of 1125.8 F g −1 at a current density of 2 A g −1 in 2 M KOH solution. This composite exhibits a good cyclic stability, with a small loss of 5.2% of maximum capacitance over a consecutive 2000 cycles, indicating that the prepared NiO/GNS nanocomposites serve as potential and promising candidates for supercapacitor electrodes.
INTRODUCTION
Supercapacitors have promising prospects in terms of their application in the field of electric vehicle power supply, portable electronics and various of high power industry equipment because of its high output power and long life [1] [2] [3] [4] [5] . However, it is found that supercapacitor has comparatively lower energy density than that of the battery, which requires people need to increase the energy density without sacrificing the power density and life of the capacitors. To realize this, there were various means being used. By the nanocrystallization of electrode materials, the contact area between electrodes and electrolytes can be enlarged, which is one of the most commonly used means of increasing the capacity of supercapacitors [6] [7] [8] . The double layer capacitance produced by charge separation is a mechanism related to the specific capacitance of supercapacitors. The typical material of the double layer capacitance material is the classic material of activated carbon and carbon fiber, carbon nanotube and graphene, enjoying the advantages of high specific surface area and long cycling life stability. Another mechanism is pseudopotential behavior derived from reversible Faraday reaction [9] [10] [11] . While the electrode materials of pseudocapacitor, use of transition metal materials metal oxides, such as Co 3 O 4 [12] , RuO 2 [13] , MnO 2 [14] and NiO [15] etc, has been intensively researched and hence to improve the capacity of electrodes according to their reversible oxidationreduction reaction. Among all kinds of transition metal oxides, NiO has been attached with great attention due to its high theoretical specific capacity, abundant reserves and non-toxic properties [16] [17] [18] [19] . However, the conductivity of NiO electrode material is relatively low. Therefore, it would be difficult to use it at the charging and discharging processes.
To address these challenges, various methods, such as preparation of nanoscale electrode materials, hybridization with carbonaceous materials, and adulteration of foreign atoms, are provided for the preparation of nano NiO electrode materials [20] [21] [22] . As a typical strategy, nano scale NiO electrode materials such as nanosheets, nanoparticles and nanowires can be used to expand the surface area of active electrodes. However, there are some issues remained to be solved, such as the poor cycling performance, limited electrical active point and inherent low conductivity of nano NiO materials [23] . In order to solve these problems, a strategy can be adopted, which is to hybridize with carbonaceous materials, such as amorphous carbon, carbon nanotubes and graphene [24] , which can improve electrical conductivity and structural stability of the electrodes.
As a two-dimensional material, graphene is widely used as a carrier of active materials for various electrochemical devices because of its high specific surface area and electrical conductivity. The application of graphene loaded NiO as a supercapacitor electrode, graphene can give NiO physical support during charging and discharging processes due to its stable physical and chemical properties. Meanwhile, the graphene itself has the capacity of pseudopotential. The strong conductivity of graphene enables the charge in the NiO electrode material to be rapidly transported through the graphene network to the electrode and hence to realize fast charge and discharge.
In our study, we used a three-dimensional interconnected graphene array as a carrier while NiO nanoparticles were in situ grown in graphene matrix by one-step method as electrode materials for supercapacitors. Compared with other deposition technologies, it enjoys advantages of suitable for mass production, rapid production, simple installation and low cost.
EXPERIMENTAL
The natural graphite powders (universal grade, 99.985%) are used for the synthesis of graphite oxides (GOs) based on a modified Hummers method [25] . The graphite oxides need to be prepared beforehand, being exfoliated at 300 °C for 3 min in air. Afterwards, the graphite oxides need to be treated under 900 °C for 3 h in Ar. The graphene nanosheets (GNS) is formed [26] . During the typical synthesis course of the nanocomposites of NiO/GNS, 581.6 mg of Ni(NO 3 ) 2 ·6H 2 O was mixed with 50 mL of ethanol. A 50 mg portion of as-prepared GNS was put into the solution. Afterwards, it was treated ultrasonically for 5 min. A magnetic stirrer was mixed with the suspension in the ventilation cabinet before the evaporation of ethanol in solution.
Then, it collected the dried Ni(NO 3 ) 2 ·6H 2 O /GNS composites at 200 °C for 10 h in air. Ni(NO 3 )2· 6 H 2 O was then changed into NiO nanoparticles. The related mechanism is presented in below:
Ni (NO 3 ) 2 ·6H 2 O→ NiO+ 2NO 2 +O 2 +6H 2 O (1) There was 75% of the NiO content in NiO/GNS in terms of weight. The Ni(NO 3 ) 2 · 6 H 2 O was heated under 200 °C for 10h in air to get the NiO sample ready for the control experiment. The base materials (9 wt.%) like N,N di-methyl-acetamide (∼10 ml) and PVDF (1 wt.%) were mixed with a binder to fabricate NiO/GNS. Then, it stirred the final mixture for approximately 24 h in a magnetic stirrer (1200 rpm) under the room temperature. Subsequently, a thin graphite-sheet was used to cover the final product (specific area of 1 × 1 cm 2 ). Then, the electrodes needed to be dried under 60•C for about 3 h in hot air oven. It has been found that the mass loading of the active materials over the graphite sheet is around 1.2 mg.cm −2 for electrodes being fabricated. During the control experiment, it also prepared pure NiO and pure GNS nanoplates (average size, 100 nm) through the same Electrochemical active materials/binder ratio (90:10). The supercapacitor electrodes are used to make accurate comparison with electrochemical properties of the resultant electrodes. A three-electrode system was used to perform the electrochemical measurements, for instance pure NiO and NiO/GNS (working electrode), platinum wire (counter electrode) and saturated calomel electrode (reference electrode). The working electrode was conducted under 2 M KOH. Electrochemical workstation (CH1660C) was used for the analysis. The galvanostatic charge-discharge and cyclic voltammetry (CV) techniques were adopted to study the electrochemical behavior of the samples. The electrochemical features of pure NiO nanoplates and GNS were explored for the report and comparison. Figures 2c and 2d demonstrated a classical scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the NiO/GNS nanocomposites. The diameters of NiO nanoparticles are between 30nm and 100nm, which are closely integrated with GNS matrix. Meanwhile, they were also distributed along the GNS matrix homogeneously.
A pair of reversible redox peaks in 0.1-0.45 V was demonstrated by the CVs of all electrodes in figure 3a. The faradic conversions among various Ni species of alkali medium were triggered because of this. There was an increase of the scan rate from 5 and 100 mV/s. This suggests that NiO/GNS has strongly reversible redox reaction. Such electrode might lead to fast redox reactions for electrochemical energy storage due to the transport of faster electron and transfer of kinetics. Profiles of NiO/GNS electrode, including the galvanostatic charge/discharge under different current densities from 2 to 50 A g −1 are shown in Figure 3b . Figure 3c displays the differences of the specific capacitance of various electrode materials having different densities from 2 to 50 A g −1 . It was found that NiO/GNS composites have the highest specific capacitance of all the samples. It needs to be pointed out that the composites are delivered in an excellent rate capability. There was an increase of the current density from 2 to 50 A g −1 . NiO/GNS composites have 70.2% capacitance retention rate, which is way larger compared with pure NiO (20.1%). The majority of other reported NiO-based electrodes are superior to some advanced carbon materials for high-rate supercapacitor. The reason can be illustrated through the high electrical conductivity of the ultrafine NiO nanoparticles and the graphene sheets. More importantly, the oxygen vacancies over the mesoporous NiO nanoparticles of the graphene matrix is of great importance for the enhancement of the rate capability. Fig. 3d showed the cycleabilities of various electrodes at 10 A g −1 . The initial capacitance maintaining ratios of NiO/GNS, GNS and NiO electrodes were 83, 80 and 31%, respectively after 2000 repeated galvanostatic charge-discharge (GCD) curves. It has been found that NiO/GNS electrode decreased slowest because of the close connection with flexible graphenes. NiO/GNS nanocomposites are taken as the ideal faradic electrode material due to the strong cycle ability and rate capability and also the lowest self-discharge characteristic [27, 28] .
As compared with other types of NiO based supercapacitors shown in Table 1 . The as prepared NiO/GNS nanocomposites exhibit specific capacitance value of 1125.8 F g −1 at a current density of 2 A g −1 in 2 M KOH solution. This composite exhibits a good cyclic stability, with a small loss of 5.2%
of maximum capacitance over a consecutive 2000 cycles. Cycling stability is an important to evaluate the electrochemical performance of supercapacitors. Liu, FG et al. [29] developed a novel Ni/NiO Core-shell Nanospheres for supercapacitor with 86% capacitance retention after 5000 cycles, which exhibits the excellent stability of the nickel oxide material as supercapacitor cathode. As Figure 4 demonstrates, the NiO nanoparticles have a direct growth over the GNS substrate, which leads to the exposure of the NiO nanoparticles, which are well separated. This makes the nanoparticles completely accessible to the OH − ions of the electrolyte solution while the ion diffusion is enhanced. It is guaranteed that there is strong electrical connection and mechanical adhesion between NiO nanoparticles and the conductive GNS substrate and efficient redox reactions in the process of Faradaic charge storage. It can prevent the interface resistance between active materials and binders of the conventional electrodes of the powdered materials and also the additional weight of binders. Meanwhile, the electrochemical reactions and charge transfer are accelerated by the flexible GNS which has high electrical conductivity.
CONCLUSIONS
To conclude, a general thermal decomposition method was used to cultivate the NiO nanoparticles over the GNS substrates. Because of the synergistic contributions made by the pseudocapacitance-activated NiO, the highly conductive GNS, and the 3D arrays in the NiO/GNS configuration, the flexible electrode displays outstanding supercapacitor performance, these flexible NiO/GNS electrodes have a promising application into the high-performance energy storage devices. Furthermore, the strategy promoted in this paper about the electrode design can be used for the fabrication of other multifunctional hybrid electrodes for energy storage devices.
